Context: Obesity is associated with hypoferremia, but it is unclear if this condition is caused by insufficient iron stores or diminished iron availability related to inflammation-induced iron sequestration. Objective: To examine the relationships between obesity, serum iron, measures of iron intake, iron stores and inflammation. We hypothesized that both inflammation-induced sequestration of iron and true iron deficiency were involved in the hypoferremia of obesity. Design: Cross-sectional analysis of factors anticipated to affect serum iron. Setting: Outpatient clinic visits. Patients: Convenience sample of 234 obese and 172 non-obese adults. Main outcome measures: Relationships between serum iron, adiposity, and serum transferrin receptor, C-reactive protein, ferritin, and iron intake analyzed by analysis of covariance and multiple linear regression. Results: Serum iron was lower (75.8735.2 vs 86.5734.2 g/dl, P ¼ 0.002), whereas transferrin receptor (22.677.1 vs 21.077.2 nmol/l, P ¼ 0.026), C-reactive protein (0.7570.67 vs 0.3470.67 mg/dl, Po0.0001) and ferritin (81.1788.8 vs 57.6788.7 mg/l, P ¼ 0.009) were higher in obese than non-obese subjects. Obese subjects had a higher prevalence of iron deficiency defined by serum iron (24.3%, confidence intervals (CI) 19.3-30.2 vs 15.7%, CI 11.0-21.9%, P ¼ 0.03) and transferrin receptor (26.9%, CI 21.6-33.0 vs 15.7%, CI 11.0-21.9%, P ¼ 0.0078) but not by ferritin (9.8%, CI 6.6-14.4 vs 9.3%, CI 5.7-14.7%, P ¼ 0.99). Transferrin receptor, ferritin and C-reactive protein contributed independently as predictors of serum iron. Conclusions: The hypoferremia of obesity appears to be explained both by true iron deficiency and by inflammatory-mediated functional iron deficiency.
Introduction
Obesity is associated with low-serum iron concentrations. The inverse relationship between iron status and adiposity was first reported in 1962, when Wenzel et al. 1 unexpectedly found a significantly lower mean serum iron concentration in obese compared with non-obese adolescents. Most subsequent studies in pediatric [2] [3] [4] and adult samples [5] [6] [7] [8] have
shown similar results. For example, in a large study using National Health and Nutrition Examination Survey-I (NHANES-I) data, Micozzi et al. 5 found that higher body mass index (BMI) was significantly associated with lower serum iron in women, and that transferrin saturation was significantly lower in the highest BMI quartile for both men and women. The etiology of the hypoferremia of obesity is uncertain. Among the proposed causes are deficient iron intake from an iron poor diet, 2 and deficient iron stores owing to greater iron requirements in obese adults because of their larger blood volume. 3, 9, 10 The relationship between serum iron and dietary iron intake among obese adults has not been previously examined in large studies. Also, since obesity is considered a chronic inflammatory state, 11 inflammatorymediated sequestration of iron in the reticuloendothelial system, with resultant hypoferremia despite adequate or even increased iron stores could play a role in the hypoferremia of obesity. Inappropriate sequestration of iron, when severe, results in the anemia of chronic disease. Support for an inflammatory cause for the hypoferremia of obesity derives from the observation that serum ferritin concentrations, which are usually suppressed when body iron stores are low, 12 tend to be high and inversely related to transferrin saturation in those with excessive adiposity. 6, 7, 13, 14 Ferritin is increased in conditions associated with inflammation because it is an acute-phase reactant; 15 cytokines such as interleukin-1b and tumor necrosis factor-a (TNF-a) induce ferritin production within macrophages, hepatocytes and adipocytes. 16, 17 Prior studies have found that ferritin may be elevated in inflammatory conditions even in the presence of true iron deficiency. 18 It remains unclear, however, if the lower serum iron and elevated ferritin seen in obesity are most reflective of a functional iron deficiency related to an inflammatory state, or if obesity is also a risk factor for true iron deficiency. Recently, serum transferrin receptor concentration has been recognized as a useful indicator of iron status. Serum transferrin receptor is a soluble protein that is produced by proteolytic cleavage of the membrane-bound transferrin receptor. Both the expression of transferrin receptor on the cell surface and its intracellular concentration are inversely related to intracellular iron concentrations. 19, 20 Serum transferrin receptor increases in true iron deficiency states. Unlike ferritin, it is not an acute-phase reactant and is not elevated in chronic inflammatory states. [21] [22] [23] Hence, serum transferrin receptor concentration is believed to be more reliable than ferritin to diagnose true iron deficiency in the presence of inflammation. 24 The purpose of this study was to examine the relationships among serum iron and measures of inflammation, iron intake, and iron stores in obese and non-obese adults. We hypothesized that both inflammation-induced diversion of iron into the reticuloendothelial system and true iron deficiency were involved in the hypoferremia of obesity.
Subjects and methods

Subjects
A convenience sample of adults was recruited from the Washington, DC metropolitan area through advertisements inviting 'healthy volunteers' or 'overweight' adults to participate in a calcium supplementation study. 25 Potential subjects were excluded for reporting significant medical illnesses such as diabetes, bone, kidney, liver or gallbladder disease, a history of cancer, gastrointestinal bleeding or inflammatory diseases, for using medications that affect body weight or for having intentional weight change of more than 3% of body weight in the preceding 3 months. The research protocol was approved by the National Institute of Child Health and Human Development Institutional Review Board, and signed consent was obtained from all subjects. Financial compensation was provided for subjects' time and inconvenience. Subjects reported after a 10-h overnight fast to undergo a detailed history and physical examination. Subjects were weighed in hospital gowns using a digital scale (Life Measurement Instruments, Concord, CA, USA) that was calibrated with a known weight before each subject's measurement. Height was measured using a stadiometer also calibrated before each measurement (Holtain Ltd, Crymych, UK). Whole-body dual energy X-ray absorptiometry (DEXA) for estimation of fat mass (Delphi A, LX 20 Beckman, Bedford, MA, USA, software version 11.2) was performed in 332 subjects. Socioeconomic status (SES) was determined by Hollingshead score, 26 grouped as follows:
categories I and II were 'higher,' category III was 'mid' and categories IV and V constituted 'lower' SES.
Laboratory assays
Serum iron and transferrin were measured by the NIH clinical chemistry laboratory with a Beckman 20 LX analyzer (Beckman Coulter Inc., Fullerton, CA, USA). For serum iron, an iron ferrozine complex method was used with sensitivity 5 mg/dl; serum transferrin was measured using a turbidimetric method with sensitivity 70 mg/dl. Serum iron o50 mg/dl was considered to constitute iron deficiency based on the manufacturer's guidelines. Transferrin saturation was calculated by finding the molar ratio of serum iron and twice the serum transferrin (because each transferrin molecule can bind two atoms of iron) using the formula transferrin saturation ¼ (serum iron (mg/dl)/transferrin (mg/dl))*71. 
Recorded iron intake
Dietary iron intake was measured by a 7-day food record. Subjects were given written instructions to record all foods and beverages consumed over 7 consecutive days. Food records were reviewed in person with subjects by a registered dietitian to maximize accuracy and completeness, and analyzed for dietary iron intake using the Nutrition Data System for Research (NDS-R) software versions 4.04_32 and 4.05_33, developed by the Nutrition Coordinating Center (University of Minnesota, Minneapolis, MN, USA). 28 As is recommended, 29 invalid food records (n ¼ 2) were excluded if subjects reported a biologically implausible amount of calories per day (less than 600 cal or more than 3500 cal per day for women and less than 800 cal or more than 4200 cal per day for men). Iron from supplements is not measured by the food record method, but food records are considered the gold standard for dietary intake assessment. To estimate intake of iron from supplements, we used responses to questions regarding dietary supplement use during the past year on the Diet History Questionnaire (DHQ), a validated, 36-page booklet listing 124 separate food items developed by the National Cancer Institute for use in epidemiological research. 29 The estimated amount of iron intake from multivitamin supplements was determined by assigning an average value to the amount of iron in multivitamins. DHQs were analyzed using Diet*Calc Analysis Program (Version 1.3.2., National Cancer Institute, Applied Research Program, June 2003). We added dietary iron intake from food records to supplemental iron intake from DHQs to estimate total daily iron intake.
Statistical analyses
The primary analysis was an analysis of covariance, with serum iron as the dependent variable. Independent variables included serum transferrin receptor, ferritin, and C-reactive protein concentrations, total daily iron intake, and obesity as the categorical variable of interest (obese vs non-obese); age, sex, race and SES were treated as covariates. These data were analyzed using SPSS for Windows version 14.0 (Chicago, IL, USA). Unless otherwise indicated, data are reported as mean 7s.d. adjusted for covariates. We also examined these same variables and covariates in multiple linear regression models with BMI and fat mass as the continuous variables of interest and in logistic regression models to predict iron deficiency. Tests were performed for collinearity. Correlations between measures were evaluated using Spearman correlation coefficients. Categorical data were compared by contingency table analyses and are reported as percentages with 95th percentile CI. Po0.05 was considered significant.
Results
A total of 172 healthy non-obese (BMI o30 kg/m 2 ), and 234 obese (BMI X30 kg/m 2 ) adults were studied (Table 1 ). There was a higher proportion of Caucasians in the non-obese group and a higher proportion of African Americans in the obese group (P ¼ 0.009). SES was also different among study participants (P ¼ 0.001), with a greater proportion of obese subjects having low SES.
Serum iron was negatively correlated with BMI and fat mass in univariate regression (Figures 1a and 2a) and in multiple regression analyses that included sex, race, age and SES (P ¼ 0.0003 and P ¼ 0.0004, respectively). Transferrin saturation and MCV were also negatively correlated with BMI and fat mass (all Po0.05) adjusting for the same factors. Serum transferrin receptor (Figures 1b and 2b ; Po0.05) and C-reactive protein (Figure 2b and d; Po0.0001) were positively correlated with BMI and fat mass in univariate studies (Figures 1b, d and 2b, d ) and in multiple linear regression analyses that included sex, race, age and SES (all Po0.01). Ferritin had a non-significant univariate relationship with BMI and fat mass (Figures 1c and 2c) Three hundred and thirty-eight subjects completed 7-day food records, and 395 subjects completed the DHQ. Adjusted Low-serum iron and obesity LB Yanoff et al mean daily dietary iron intake was not different between obese and non-obese subjects (16.075.9 vs 16.175.9 mg/day, P ¼ 0.91). When supplemental iron intake was added to dietary intake, obese subjects reported ingesting slightly, but not significantly, less iron per day (19.4710.0 mg/day vs 21.5710.0 mg/day, P ¼ 0.06). This difference was primarily caused by a small disparity between obese and non-obese subjects in their reported supplemental iron intake (3.777.8 vs 5.477.8 mg/day, P ¼ 0.05). Multiple linear regression analysis to predict serum iron including age, sex, race, SES and total daily iron intake found that adiposity, whether estimated by BMI (P ¼ 0.0005) or body fat mass (P ¼ 0.0003), was an independent predictor of serum iron, whereas total daily iron intake was not a significant independent predictor (P ¼ 0.51).
To examine the relative contributions of markers of true iron deficiency and measures of inflammation, we used another multiple regression model to predict serum iron with ferritin, serum transferrin receptor, C-reactive protein, BMI, iron intake and demographic variables as regressors. Ferritin, serum transferrin receptor, C-reactive protein, sex and race were each independent predictors of serum iron (r 2 ¼ 0.31), and BMI no longer independently predicted iron once these variables were included in the model. Ferritin contributed only 1% of the total variance predicted by this model, whereas transferrin receptor alone accounted for 76%. Total dietary iron intake was not a significant predictor of serum iron in this model. Low-serum iron levels were more prevalent in obese than non-obese adults (24.3%, CI 19.3-30.2% vs 15.7%, CI 11.0-21.9%, P ¼ 0.03). Among obese subjects, 26.9% (CI 21.6-33.0%) had iron deficiency based on serum transferrin receptor concentrations vs 15.7% (CI 11.0-21.9%) of nonobese subjects (P ¼ 0.0078). When the criterion for iron deficiency was defined by the laboratory reference range for low ferritin, there was no statistically significant difference in the prevalence of iron deficiency between obese (9.8%, CI 6.6-14.4%) and non-obese subjects (9.3%, CI 5.7-14.7%, P ¼ 0.99). Using logistic regression to predict iron deficiency as determined by serum transferrin receptor concentrations, a model including race, sex, age, SES and obesity status (obese vs non-obese) suggested obese adults had a higher odds ratio (OR) relative to non-obese adults of having iron deficiency (OR 1.8, 95% CI 1.1-3.0, P ¼ 0.04). Using ferritin as the marker of iron deficiency, in a similar logistic regression model, obese subjects did not have different odds of iron deficiency (OR 0.9, 95% CI 0.56-2.4, P ¼ 0.71).
Discussion
Compared with non-obese control subjects, obese adults, in addition to having lower serum iron, transferrin saturation and MCV, had significantly higher serum transferrin receptor concentrations, suggesting their adiposity was associated with an increased risk for true iron deficiency. 8 By contrast, ferritin and C-reactive protein concentrations were higher in obese subjects and were positively correlated with BMI, findings consistent with the observation that obesity is an inflammatory state that increases acute-phase reactants. Multiple regression analysis showed that while the best model to predict serum iron included ferritin, C-reactive protein and transferrin receptor, most of the predicted Results are adjusted for covariates as described in subjects and methods.
Low-serum iron and obesity LB Yanoff et al variance was accounted for by transferrin receptor alone, although inflammatory indices were also independent predictors. Dietary iron was not an independent predictor of serum iron. Further, BMI was no longer an independent predictor of serum iron in this model suggesting that both true iron deficiency and inflammation are explanations for the low serum iron observed in obese adults. In healthy adults, iron balance is regulated mostly through absorption from the small intestine and by tissue storage of iron. A unifying explanation for our findings may stem from the recently elucidated roles of two iron-regulating proteins that are made by adipocytes: hepcidin and lipocalin-2. Hepcidin is a small peptide hormone secreted by the liver and by adipocytes. 30 Hepcidin is an acute-phase reactant, 31 and its expression is increased in chronic inflammatory states 32, 33 including obesity. 30 Hepcidin can inhibit enterocyte iron absorption 34 and has further been shown to inhibit the release of non-heme iron from macrophages. 35 Because each of these actions diminishes the amount of bioavailable body iron, it has been suggested that when hepcidin is induced by inflammation, hepcidin is the key iron regulator that causes the hypoferremia and anemia of chronic disease. 36 Although liver hepcidin expression is positively associated with transferrin saturation (i.e., those with greater iron concentrations have appropriate feedback regulation to limit iron absorption and bioavailability by increasing hepatic hepcidin), adipocyte hepcidin expression, has a positive correlation with BMI, with a trend toward a negative association with transferrin saturation. 30 Therefore, lower bioavailable iron among obese adults might potentially be related to the greater adipose hepcidin. Although hepcidin expression is more than 100-fold higher in hepatocytes than in adipocytes, secreted hepcidin from both tissues may have relevance for humans because in obesity, adipose tissue mass may be 20-fold greater than liver mass. Lipocalin-2 is a siderophore binding protein which is upregulated in inflammatory states and functions to limit the availability of iron to invading pathogens. 37 Recent evidence suggests that white adipose tissue is the dominant site of expression of lipocalin-2. 38 Circulating lipocalin-2 concentrations are increased in db/db (leptin receptor deficient) mice, and lipocalin-2 mRNA expression is upregulated in db/db adipose tissue and liver. 39 Adipocyte lipocalin-2 expression is induced by cytokines such as interleukin-1 and TNF-a. Furthermore, in humans circulating lipocalin-2 concentration is positively correlated with adiposity. 39 Whether or not lipocalin-2 is responsible for iron sequestration within adipocytes in obesity remains to be studied. In sum, it is possible that the proinflammatory cytokines induced by the obese state increase hepcidin and lipocalin-2 expression and upregulate ferritin synthesis in reticuloendothelial cells 18 resulting in diminished absorption of iron in the setting of increased storage of iron, whether within the reticuloendothelial system or within adipocytes. Clinically, one would expect this to result in a combination of nutritional iron deficiency and functional iron deficiency, consistent with the results of this study. Further studies are needed that examine both hepcidin and lipocalin-2 concentrations in obese individuals to elucidate their relationships with serum iron.
Insufficient iron bioavailability for metabolic requirements may also be a factor in the hypoferremia of obesity. 2 Since two-thirds of body iron is found in erythrocytes, and blood volume has been shown to be directly proportional to body mass, 9 an increased need for iron in obese individuals is possible. 3, 10 Basal iron losses (and therefore iron requirements) are clinically estimated using formulae that take body weight into account. 40 Implicit in such calculations is the assumption that iron requirements are increased in states of weight increase such as obesity. Our data do not confirm that obese subjects have a lower dietary iron intake than nonobese subjects or that iron intake is a predictor of serum iron concentrations. However, insufficient iron absorption could play a clinically important role in the iron deficiency of obesity given that inflammation-induced hepcidin may reduce iron absorption in obese individuals. It thus remains possible that obese individuals do not meet their dietary iron requirements.
Using serum transferrin receptor to predict the presence of iron deficiency, we found higher odds of iron deficiency in obese vs non-obese subjects. However, using ferritin, which tends to be elevated in obesity-related inflammatory states, we did not show a difference between obese and non-obese subjects in the prevalence of iron deficiency. Elevated transferrin receptor levels correlate well with a lack of stainable iron in bone marrow in normal subjects as well as in patients with rheumatoid arthritis, and transferrin receptor reportedly has a higher sensitivity than ferritin to diagnose iron deficiency in patients with ferritin elevated from acute-phase reactions. 24, 41, 42 Similar to other inflammatory conditions, obesity appears to be a state in which transferrin receptor is a useful adjunct to ferritin in the diagnosis of iron deficiency. Limitations of this study include the lack of a gold standard for evaluation of iron status. Although transferrin receptor concentrations may be increased by stimulated erythropoiesis, as seen in hemolytic anemia, hereditary spherocytosis and thalassemia, problems with erythropoiesis are unlikely to be present in study subjects selected to be obese but otherwise healthy. Further, transferrin receptor was significantly negatively correlated with ferritin and hemoglobin, findings consistent with iron deficiency rather than increased erythropoiesis. Future studies obtaining bone marrow aspirates for stainable iron are needed to confirm iron deficiency in obese subjects with high transferrin receptor concentrations. Another limitation is that this study was cross-sectional in design, and, therefore no conclusions regarding cause and effect relationships can be made. Strengths of this study include the large sample size, the racial and ethnic diversity of participants, and the use of DEXA to measure fat mass.
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In conclusion, as assessed by soluble transferrin receptor and transferrin saturation, obesity is associated with iron deficiency. The etiology appears to be multifactorial, and may include inadequate bioavailable iron relative to body weight, as well as diminished intestinal absorption and decreased iron bioavailability induced by inflammatory adipokines found in those with excessive adiposity. The diagnosis of iron deficiency in obese individuals may be missed if clinicians rely primarily on the falsely normal ferritin concentrations, which are likely increased by chronic inflammation rather than by iron overload. The precise mechanisms of the obesity-related, inflammation-induced effect on serum iron remain to be elucidated.
